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The Chlumydomonas reinhardtii chloroplast orf712 is a previously described open reading frame that lacks a detectable transcript but potentially 
encodes a polypeptide with sequence similarities to ribosomal protein Rps3 only at its N- and C-termini. Here we report that orj712 is an essential 
gene, as demonstrated through gene disruption by particle gun-mediated chloroplast transformation. We also show that an orf712 is present and 
structurally conserved in all of the two or three major Chlumydomonus lineages. Our results suggest hat orpI is an unusual rpd gene that contains 
a large translated intervening sequence. 
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1. INTRODUCTION 
Plastid ribosomes contain over 60 distinct ribosomal 
proteins, with their genes distributed between the nu- 
clear and the plastid genomes (e.g. [l]). Plant chloro- 
plast genomes encode about 20 ribosomal proteins, and 
some algal plastid genomes appear to encode a larger 
number of these proteins (see [2] for a review). Many of 
these plastid-encoded ribosomal protein genes are or- 
ganized in clusters or operons that resemble ribosomal 
protein operons of E. colt’, reflecting the bacterial en- 
dosymbiont ancestry of plastids. The rps3 gene, encod- 
ing a protein of the 30s ribosomal subunit, is part of the 
~10 operon consisting of 11 ribosomal protein genes in 
E. coli [3]. In all plant and algal plastids reported so far, 
an rps3 gene is found in a gene cluster (or operon) 
resembling the bacterial ~10 operon. In chloroplasts of 
Chlamydomonas reinhardtii, however, an rpd gene is 
absent from the sl0-like gene cluster (Liu et al. unpub- 
lished data). Instead, an rps3-like open reading frame 
(orf712) was found at a location more than 75 kbp away 
from the sl&like gene cluster [4]. 
The C. reinhardtii chloroplast orf712 potentially en- 
codes a 712-residue polypeptide (Orf712) of unusual 
structure. The predicted amino acid sequence of 0rf712 
shows significant sequence similarity to bacterial and 
chloroplast ribosomal protein Rps3, but the similarity 
is limited to the N- and C-tern&i of Orf712, with the 
middle two thirds of the Orf712 sequence lacking simi- 
larity to all known proteins [4]. This structural oddity 
and the lack of a detectable transcript of orf712 [4] raise 
questions about the identity and functionality of this 
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open reading frame. Here we report that this chloro- 
plast orj712 is a functional gene required for cell 
growth, and that its unusual structural feature is con- 
served among distantly related Chlamydomonas species. 
2. MATERIALS AND METHODS 
Wild-type strains of Chlamydomonus reinhardtii (137~ mt+), 
Chlamydomonas peterfi, Chlamydomonas humicola, and Chlamydo- 
monasfrankii were obtained from Dr. Robert Lee at Dalhousie Uni- 
versity (Halifax, Nova Scotia). Cells were grown on TAP (Tris-ace- 
tate-phosphate) or HS (high salts) medium as described by Harris [5]. 
Chloroplast ransformation was performed using a home-made par- 
ticle inflow gun as described in [6]. After transformation, the cells were 
plated on TAP medium containing 125 @g/ml spectinomycin 
(TAP + spec) and incubated under dim light. Colonies were picked 
approximately 2 weeks later and plated on TAP medium containing 
50 ,@ml streptomycin (TAP + strep). Transformants were identified 
by their ability to grow both in the presence of spectinomycin and in 
the presence of streptomycin. The initial growth on TAP + spec (in- 
stead of TAP + spec and strep) medium appears to allow heteroplas- 
mic transformants to establish more easily, and the subsequent growth 
on TAP + strep medium removes spectinomycin-resistant mutants 
that arise spontaneously during the transformation procedure. Isola- 
tion and analysis of DNA from the transformants were carried out as 
described in [7]. 
Total DNA from various Chlamydomonas species was isolated as 
described in [7]. Oligonucleotide primers used in polymerase chain 
reactions included S-78 with a sequence of SATGGG(TA)CAA- 
AAAGT(TA)CATCC(TA)()T(ACGT)GG(ACGT)TT3, and S-79 
with a sequence of 5’CA(AT)ACTTT(AT)AC(AT)CCAAT(ACGT)- 
A(CT)(ACGT)CC(AG)TA3’. Degenerate sites are enclosed in pa- 
renthesis. DNA cloning, sequencing, and sequence analysis were car- 
ried out as previously described [8]. 
3. RESULTS 
3.1. Disruption of C. reinhardtii chloroplast or-12 
Gene disruption was carried out through chloroplast 
transformation, in order to determine whether the 
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Chlumydomonas chloroplast orf712 is functional. A 
transforming plasmid DNA (C- 104) was constructed, in 
which orJ7I2 was disrupted by an AAD marker gene 
that encodes an aminoglycoside adenyl transferase 
(Fig. 1A). The AAD marker gene was a 1.9-kbp 
BumHI-EcoRI fragment isolated from the plasmid 
pUC-atpX-AAD, which was constructed by Gold- 
schmidt-Clermont o express resistance of spectinomy- 
tin and streptomycin in the chloroplast [9]. Upon trans- 
formation, the disrupted orf712 should replace the en- 
dogenous wild-type orf712 through homologous DNA 
recombination. As a result, the AAD marker gene will 
be integrated into the chloroplast genome, and will con- 
fer spectinomycin- and streptomycin-resistance to the 
transformed cell [6,9,10]. 
After transforming a wild-type C. reinhardtii strain 
(137~ mt’) with the C-104 plasmid DNA, six transfor- 
mants were identified by their ability to grow both on 
TAP + spec medium and on TAP + strep medium. 
These transformants were subjected to further rounds 
of growth and screening in an attempt o isolate homo- 
plasmic transformants. This is a common practice in 
transforming chloroplasts in this system, since there are 
approximately 80 copies of chloroplast DNA per cell. 
In each round of growth and screening, a single trans- 
formant from the previous round was plated and grown 
on TAP + spec medium, ten of the resulting colonies 
were subjected to DNA analysis, and the colony con- 
taining the highest proportion of the disrupted or-12 
was used for the next round of growth and screening. 
DNA analysis of transformants from the above process 
revealed the following (see Fig. 1B): (1) all the transfor- 
mants were heteroplasmic mutants containing both the 
disrupted orfll2 and its wild-type copies; (2) the trans- 
formants persisted as heteroplasmic mutant after six 
rounds of growth and screening under selection pres- 
sure for the disrupted or-22; and (3) the heteroplasmic 
mutant stabilized at a level where approximately 70% 
of its orfl2 DNA copies were disrupted. This is 
in contrast to control transformations, in which the 
AAD marker gene was inserted at other parts of the 
chloroplast genome not affecting orJ7I2, and homo- 
plasmic transformants were obtained after just two 
rounds of growth and screening ([6], also Fig. 2 in this 
paper). 
Growth phenotype of the or-12 heteroplasmic mu- 
tant was analyzed and compared with untransformed 
wild-type cells and a control transformant (Fig. 2). 
Under mixotrophic (or photoheterotrophic) conditions 
(on TAP medium, under light), the mutant grew signif- 
icantly slower than untransformed wild-type cells and 
the control transformant. Under phototrophic (or pho- 
toautotrophic) conditions (on HS medium, under light), 
the mutant grew extremely slow or not at all. As ex- 
pected, untransformed wild-type cells did not grow in 
the presence of streptomycin, due to its sensitivity to this 
antibiotic. The control transformant grew under all 
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Fig. 1. Disruption of C. reinhardtii orj712. (A) Restriction map show- 
ing orf712 and its flanking regions. The letters E and P represent 
EcoRI and PstI recognition sites, respectively. The transforming DNA 
(C-104) consists of the 2.1-kbp or-12 coding sequence (black box), the 
1.9-kbp AAD gene (gray box) inserted at a unique BgZII site within 
orfl12, and plasmid pUC118 as the cloning vector. (B) Analysis of 
DNA from transformants. Total cellular DNA was digested either 
with EcoRI alone (lanes 14) or with EcoRI and PstI together (lanes 
5-S), and the products were analyzed in Southern hybridizations using 
the orfl12 DNA as probe. Shown here are DNAs from untransformed 
wild-type cells (lanes 1 and 5), DNAs from the transformant after the 
4th round (lanes 2 and 6), the 5th round (lanes 3 and 7), and the 6th 
round (lanes 4 and 8) of growth and screening. Wild-type DNA: a 
17-kbp fragment in the EcoRI digest; a 7.3-kbp fragment in the 
EcoRI+PstI digest. Mutant DNA (AAD inserted in orf712): 
a 18.9-kbp (i.e. 17+1.9 kbp) fragment in the EcoRI digest; two frag- 
ments of 5.6 and 3.6 kbp, respectively, in the EcoRI + PstI digest. 
conditions, because it contains an AAD gene that con- 
fers streptomycin-resistance without affecting any func- 
tional gene. The or-12 heteroplasmic mutant grew 
slightly faster in the absence of streptomycin than it did 
in the presence of streptomycin. This was due to a pro- 
gressive loss of the disrupted or-12 gene in the absence 
of selection pressure to retain it, as was confirmed by 
DNA analysis (data not shown). 
3.2. Characterization of or-12 genes from other 
Chlamydomonas pecies 
Two oligonucleotides, S-78 and S79, were designed 
and synthesized, based on two stretches of protein se- 
quences that are highly conserved between Orf712 of C. 
reinhurdtii and Rps3 of other organisms. They were 
used as primers in a polymerase chain reaction (PCR) 
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Fig. 2. Growth phenotype of the orpI heteroplasmic mutants. Equal 
numbers of cells were plated either on TAP medium for mixotrophic 
growth, or on HS medium for phototrophic growth, in the presence 
( + strep) or absence of streptomycin, as indicated. Cells were photo- 
graphed after 8 days of growth under light. They include untrans- 
formed wild-type cells (WT), a control transformant (C) in which the 
AAD marker gene was inserted at an intergenic site over 60 kbp away 
from orj712, and the or-12 transfotmant after the 4th round (l), the 
5th round (2), and the 6th round (3) of growth and screening. Darker 
patches indicate more growth. 
to amplify or-12 DNA from C. peter@, C. frankii, C. 
pitschmannii, C. geitleri, and C. humicola. These 
Chlamydomonas species represent all of the two or three 
major Chlamydomonas lineages [l 11. From each of the 
Chlamydomonas species, a DNA fragment was specifi- 
cally amplified that had a size similar to that of C. 
reinhardtii or-12. They were further identified as orf/l2 
by Southern hybridizations and by partial DNA se- 
quencing (data not shown). The PCR-amplified orJ712 
DNAs of C. peterjii, C. frankii, and C. humicola, were 
cloned, and their sequences determined completely. 
0rf712 protein sequences predicted from the orf722 
DNA of the various Chlamydomonas species were com- 
pared among each other and with typical ribosomal 
protein Rps3 sequences from other organisms. The 
sources of Rps3 sequences were selected to represent 
distinct groups of organisms. At the overall structural 
level, the Chlamydomonas Orff 12 protein has all of the 
four conserved sequence domains present in a Rps3 
protein (Fig. 3A,B). The Orl712 proteins, however, con- 
tain a centrally located large stretch of sequence (termed 
IVS, for intervening sequence) that is absent from Rps3 
proteins (Fig. 3A,C). The Orf712 proteins are around 
700-800 amino acid residues in size, which are consider- 
ably larger than Rps3 proteins that have from 218 to 
233 residues. This size difference, however, is due al- 
most entirely to the presence in Orf712 proteins of the 
IVS that ranges in size from 457 amino acid residues in 
C. peter@ to 577 residues in C. frankii. The IVS con- 
tains three highly conserved sequence blocks that are 
internally located, in addition to two conserved blocks 
that are located at junctions with the upstream and 
downstream RPS3-like sequences. 
4. DISCUSSION 
Our gene disruption study clearly demonstrated that 
the Chlamydomonas chloroplast orj712 is a functional 
gene, even with its unusual structural features and the 
lack of a detectable transcript of this gene. This conclu- 
sion is also supported by the strong conservation of this 
gene among the distantly related Chlamydomonas spe- 
cies. The failure to detect a transcript for this gene in 
Northern hybridizations by us and others [4] may be 
explained in two ways. First, an or-12 transcript may 
exist at a very low level that is below the sensitivity of 
the Northern analysis but nevertheless ufficient for its 
function. In Chlamydomonas chloroplasts, gene regula- 
tion appears to be exerted largely at the translational 
level, with the protein synthesis rate not in proportion 
to the mRNA level. For example, transcript level for the 
ribosomal protein Rp12 can be drastically reduced with- 
out affecting the synthesis rate of this protein [ 181. Indi- 
vidual ribosomal protein genes in the same gene cluster 
produce very different transcript levels (Liu et al., un- 
published data), although their protein products need 
to be made in equal amounts. An alternative explana- 
tion is that the orf712 transcript may be heterogeneous 
in size and therefore does not migrate during electro- 
phoresis as a single band detectable by Northern hy- 
bridization. 
Although the size and location of the orj712 gene 
product (Orl712) remain to be characterized, we have 
presented evidence suggesting that Orl712 is function- 
ally equivalent o the ribosomal protein Rps3. First, all 
of the four conserved sequence domains of Rps3 are 
present in Ort712, suggesting that Or-f712 has the struc- 
tural base to function as Rps3. The Rps3-like domains 
in Orf712 are highly conserved among distantly related 
Chlamydomonas species, which further supports the 
suggestion of a Rps3-like function for the Orff 12 pro- 
tein. Second, Orff 12 is functionally essential for cell 
growth, just as expected if it is a ribosomal protein. In 
Chlamydomonas, chloroplast ribosome function is es- 
sential for cell viability, although it can be reduced to 
a minimal level required for cell growth under hetero- 
trophic or mixotrophic conditions [5,19,20]. This is pre- 
sumably due to a necessity to make one or more chloro- 
plast-encoded proteins that have essential cellular 
functions, as has been suggested for plants [21]. Third, 
the heteroplasmic orf722 mutant has a growth pheno- 
type similar to that of previously characterized mutants 
with decreased chloroplast ribosome functions. These 
mutants grow at or near wild-type rate under heterotro- 
phic or mixotrophic conditions, but are unable to grow 
under phototrophic conditions [20,22]. This is not sur- 
prising, considering that chloroplast ribosomes synthe- 
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Fig. 3. Protein sequence comparisons. Proteins compared include: Chlamydomonas chloroplast 0rf712 from C. reinhardtii (Chlre), C peterfii 
(Chlpe), C. humicola (Chlhu), and C. frankii (Chlfr); plastid Rps3 from Euglena gracilis [12] (Euggr, a euglenoid), Zea mays [13] (maize, a monocot 
plant), Spinacia oleracea [14] (Spiol, a dicot plant), Marchantia polymorpha [15] (Marpo, a lower plant), and Cyanophoraparadoxa [16] (Cyapa, 
an organism containing plastid-like cyanelles); bacterial Rps3 from Mycoplasma capricolum [17] (Mycca, Gram-positive) and E. coli [3] (E. cob, 
Gram-negative). (A) Schematical comparison among Orf712 of Chlamydomonas and Rps3 of other organisms (represented by E. co@. Black boxes 
represent sequences conserved among all the Orf712 and Rps3 proteins, gray boxes represent sequences conserved only among Orf712 proteins, 
the slashed box in E. coli Rps3 represents equences that are marginally conserved among all the Orf712 and Rps3 proteins, open boxes represent 
sequences that are not conserved. (B) Sequence comparison of Orf712 and Rps3 proteins. Dots represent residues that are identical to corresponding 
residues in the first sequence (Chlre). Dashes represent gaps introduced to maximize the sequence alignment. Residues are numbered for the first 
(Chlre) and the last (E. coZz) sequences. The total number of residues in each sequence is given at the end of that sequence. Positions of the 0rf712 
intervening sequences (IVS), located between residues 118-580 in the Chlre sequence, are indicated. The sequences from Chlpe, Chlhu, and Chlfr 
are not complete at their C-termini. (C) Comparison of Ort712 intervening sequences. All symbols are the same as in (B). The Chlre sequence is 
t 
numbered continuously from (B). 
size a large number of chloroplast-encoded proteins 
that are required in photosynthesis (e.g. [l&23]). In 
Chlamydomonas mutants with reduced chloroplast ribo- 
somal functions, the residual chloroplast protein syn- 
thesis activity appears to preferentially synthesize ribo- 
somal proteins and possibly other essential proteins at 
the expense of photosynthetic proteins [24]. 
The Chlamydomonas chloroplast or-12 gene, in con- 
trast to conventional rps3 genes of other chloroplasts 
and bacteria, contains a large intervening sequence 
(IVS) in the middle. Our results suggest hat the or-12 
IVS is most likely translated continuously with its flank- 
ing rps3-like sequences, based on the following consid- 
erations. (1) The IVS does not have recognizable struc- 
tural features associated with any of the known RNA 
introns, and is therefore unlikely to be spliced out at the 
RNA level. (2) The entire IVS is an open reading frame 
with a codon usage that is strongly biased in the same 
way as known protein-coding genes in this system, while 
the other two reading frames of the IVS DNA contain 
numerous translation termination codons because of 
the high AT-content of this DNA. (3) The IVS is pre- 
served as an open reading frame in all the distantly 
related Chlamydomonas species examined, despite an 
extensive divergence of its primary sequence. (4) It is 
also unlikely for the or-12 gene to be translated as three 
separate open reading frames corresponding to the 
N-terminal Rps3-like sequence domain (ND), the IVS, 
and the C-terminal Rps3-like sequence domain (CD), 
respectively, due to the lack of appropriately placed 
translation initiation and/or termination codons. 
If indeed the or-12 gene product is made as a single 
polypeptide, this would have important implications on 
the structure and function of this protein. Several sce- 
narios can be suggested. The first and simplest scenario 
is that the polypeptide assembles and functions in the 
ribosome without further processing. The ND and CD 
may still fold together to form a conventional Rps3 
protein, with the IVS looping out as spacer sequence of 
no obvious function. It is more difficult, however, to 
explain why parts of the IVS are strongly conserved 
among the distantly related Chlamydomonas species, 
and how the ribosome tolerates this long extra se- 
quence. In a second scenario, the precursor polypeptide 
may be processed into three parts (ND, IVS, CD), with 
the ND and CD assembling and functioning in the ribo- 
some as two polypeptides. There is no known example 
of a split Rps3 protein. In a third scenario, the IVS 
sequences may be a protein intron that is removed from 
the precursor protein through protein splicing, while the 
ND and CD are consequently rejoined to form a con- 
ventional RPS3 protein. There have been examples of 
protein splicing in a prokaryote, an archaea, and a 
eukaryote (see [25] for a review). A characterization of 
the orJ722 gene product(s) would be necessary to prove 
or disprove the above scenarios. 
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